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Abstract: Pyrroline-5-carboxylate synthase (P5CS) is a bifunctional enzyme that exhibits glutamate
kinase (GK) and c-glutamyl phosphate reductase (GPR) activities. The enzyme is highly relevant in

humans because it belongs to a combined route for the interconversion of glutamate, ornithine

and proline. The deficiency of P5CS activity in humans is associated with a rare, inherited
metabolic disease. It is well established that some bacteria and plants accumulate proline in

response to osmotic stress. The alignment of P5CSs from different species and analysis of the

solved structures of GK and GPR reveal high sequence and structural conservation. The
information acquired from different mutant enzymes with increased osmotolerant properties,

together with the position of the insertion found in the longer human isoform, permit the

delimitation of the regulatory site of GK and P5CS and the proposal of a model of P5CS
architecture. Additionally, the GK moiety of the human enzyme has been modeled and the known

clinical mutations and polymorphisms have been mapped.
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P5CS deficiency

Introduction

Pyrroline-5-carboxylate synthase (P5CS) is the key

enzyme in the synthesis of proline and ornithine

(Fig. 1). One of the final products, proline, and the

intermediate substrate, pyrroline-5-carboxylate

(P5C), have noteworthy properties related to redox

balance and osmotic stress and have been the focus

of numerous studies related with both human health

and agriculture.1–10

P5CS, evolved from two bacterial polypeptides

encoded by a single operon,11 has two sequential

activities: glutamate kinase (GK) and c-glutamyl

phosphate reductase (GPR). It produces P5C from

glutamate, and synthesizes the labile intermediate

c-glutamyl phosphate.12 The N-terminal moiety con-

tains the kinase domain responsible for substrate

phosphorylation and houses the regulatory binding

site for either proline or ornithine. The reduction
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reaction is performed by the C-terminus of P5CS

which also harbors the cofactor binding site (Fig. 2).

The kinetics of various members of the P5CS family

have been characterized7,13–16 and their catalytic

constants illustrate a capacity for adaptation to spe-

cific environments. Furthermore, a number of muta-

tions have been described for the plant enzyme,

which affect proline regulation.7,17 However, the

identification of the proline binding site in P5CS and

the mechanism responsible for its inhibition remain

critical themes particularly in terms of plant techno-

logical development.

Although all P5CSs share high sequence iden-

tity (Supporting Information Fig. S1), ornithine

inhibits human P5CS instead of proline, and a two

amino acid insertion renders one of the human

forms insensitive to ornithine,3 suggesting that

structural and functional differences exist between

plant and animal enzymes. In this review, we will

discuss some novel information about the allosteric

regulation of P5CS, model the GK moiety of the

human enzyme, analyze functional and structural

data to understand the pathological consequences of

P5CS deficiency in humans, and propose a scheme

for the architectural organization of this enzyme.

P5CS

P5CS is well conserved among eukaryotes, with a

protein sequence identity higher than 65% when

compared to human P5CS. However, in prokaryotes

(and also in lower eukaryotes, as yeast), two

separate enzymes exist, GK and GPR,18 that are

homologous to both the moieties of P5CS.

The three main residues of the active center of

the GK moiety of human P5CS (Lys76, Asp247,

Lys311) are totally conserved, as demonstrated by

the alignment of representative P5CSs and GKs

(Supporting Information Fig. S1). This catalytic

triad is also found among other members of the

amino acid kinase (AAK) family,19 and consists of

two catalytic lysine residues that are connected and

mutually oriented towards the substrates by a key

aspartate residue. The function of these residues has

been demonstrated by site-directed mutagenesis13

which has been further confirmed by structural

studies20 of Escherichia coli GK. The catalytic cyste-

ine of the GPR moiety is conserved in P5CSs across

species. Remarkably, the oligomerization domain is

highly conserved (Supporting Information Fig. S1).

Homologous enzymes of P5CS in bacteria and

lower eukaryotes

GK. This enzyme (EC 2.7.2.11) catalyzes the fol-

lowing reaction: ATP þ Glutamate ! ADP þ c-glu-
tamyl phosphate.21 GK contains a �260-residue

N-terminal AAK domain and, in most of the cases,

a �110-residue C-terminal RNA binding domain

(named PUA) that is absent in P5CS.22,23 The pres-

ence of this domain, usually found in RNA-modifying

enzymes, could suggest an additional role for bacte-

rial GK as a mediator of some cellular responses

given the special functions of proline.

The 3D structures of two bacterial GKs have

been solved. Despite their low sequence identity

(33%), both have the same basic architecture of a

a3b8a4 sandwich topology and they superimpose

Figure 1. General pathway of the proline metabolism in

higher eukaryotes, with the regulation of P5CS and P5CR in

plants and mammals.

Figure 2. Schematic representation of human P5CS and

bacterial GK and GPR, showing the location of certain

structural features.
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with an RMSD of 1.5 Å over 216 residues

[Fig. 3(A,B,C)]. The Campylobacter jejuni enzyme

(PDB ID 2AKO) has only an AAK domain, whereas

the E. coli enzyme has an additional PUA domain

(PDB ID 2J5T). In both cases, the active site forms

an open pit where glutamate and ATP bind in an

extended conformation.

The product of the reaction catalyzed by GK,

c-glutamyl phosphate, rapidly transforms to oxopro-

line,24 as the enzymatic activities of the E. coli

Figure 3. (A) A ribbon and surface representation of a GK dimer from C. jejuni and (B) from E. coli where the mutated

residues found in the different GK and P5CS enzymes affecting proline regulation are drawn in red. Arrows denote the

location of the VN insertion (colored in black) found in the human long P5CS isoform. C: Superposition of the AAK domain of

E. coli GK colored in blue (2J5T), C. jejuni GK (2AKO) colored in green, together with the modeled human GK moiety

generated by using the Swiss Model Workspace, colored in pink. D: Superposition of the GPR enzymes from T. maritima

(1O20) colored in yellow, S. cerevisiae (1VLU) colored in blue and the human GPR moiety of P5CS (2H5G) colored in green.

E: Ribbon representation of the modeled structure of the human GK moiety, with the ADP molecule depicted by sticks, and

the glutamate by spheres, and (F) the crystal structure of the human GPR moiety with the different domains, the catalytic

cysteine and some structural features indicated. The residues affecting clinical mutations and polymorphisms are shown.
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enzyme also reflect. Only 10% of glutamyl hydroxa-

mate was found—from the reaction between c-glu-
tamyl phosphate and hydroxylamine—14,24 in rela-

tion to ADP production, unless GPR was included in

the assay. For this reason, the existence of a complex

between GK and GPR has been hypothesized,24,25

comparable to P5CS where both activities are found

in the same molecule.

The GK of C. jejuni forms a dimer whereas this

enzyme from E. coli forms a tetramer. The E. coli

tetramer, which is flat and elongated, is formed by

two dimers that interact exclusively through their

AAK domains.20 In principle, the oligomeric state of

these enzymes could modulate the mechanisms that

regulate their activities, as described for another

member of the AAK family, the N-acetylglutamate

kinase (NAGK). While NAGK from Pseudomonas

aeruginosa is hexameric and inhibited by arginine,

this enzyme from E. coli is dimeric and insensitive

to arginine.26 However, a triple mutant of E. coli GK

that can form only dimers displays the same kinetic

and allosteric properties as the wild-type enzyme,

suggesting that the mechanism of allosteric inhibi-

tion in GK is independent of the oligomeric state of

the enzyme (unpublished results from our

laboratory).

The GKs of C. jejuni and E. coli diverge in the

arrangement of the dimer, as shown in Figure

3(A,B). In the C. jejuni enzyme, the subunits face

the same side and the active sites are exposed with

one facing up and the other facing down (PDB ID

2AKO). Conversely, both of the subunits in the GK

dimer from E. coli are arranged in the same direc-

tion, but face opposite sides.20 Nevertheless, the res-

idues involved in allosteric inhibition are located

within a similar region [Fig. 3(A,B)]. The kinetics of

the E. coli GK have been characterized,13,14 and

show cooperativity among the monomers. GK activ-

ity depends hyperbolically on the concentrations of

both ATP and glutamate, but dependency on gluta-

mate becomes sigmoidal in the presence of proline,

reflecting competition between both ligands.13

The deregulation of certain bacterial GKs causes

the accumulation of high concentrations of proline

and appears to play a paramount role in osmotoler-

ance.27–30 Various studies of natural and engineered

strains with increased osmotolerant properties have

been published. Examples of these include the halo-

philic bacteria Halobacillus halophilus,28 a Salmo-

nella typhimurium strain harboring a Asp107Asn

mutant of E. coli GK,27,29 and a proline auxotroph

strain of E. coli expressing a mutated GK and a

GPR enzymes from Bacillus subtilis.30 When these

same enzymes were introduced into the plant Arabi-

dopsis thaliana, osmotic tolerance was improved and

the effect was enhanced by fusing the two enzymes

into a single polypeptide.31 Recently, a yeast strain

expressing a deregulated GK was generated, result-

ing in a greater tolerance to both freezing and oxida-

tive stresses.32,33

GPR. This enzyme (EC 1.2.1.41) catalyzes the fol-

lowing reaction: c-glutamyl phosphate þ NADPH !
glutamate semialdehyde þ phosphate þ NADPþ.
GPR from E. coli has been purified and character-

ized from its natural source15,34 and gel filtration

experiments with the recombinant form have sug-

gested that the enzyme exists as a tetramer (unpub-

lished results from our laboratory). Like other alde-

hyde dehydrogenases, the GPR structure has three

distinct domains (Fig. 2). Domain I houses the site

for the cofactor NADPH, while domain II contains

the active site where a catalytic cysteine has been

identified.35,36 Both have an a/b architecture with a

five-stranded parallel b-sheet. Domain III, the oligo-

merization domain, forms a three-stranded anti-par-

allel b-sheet,35 with two strands originating from

the amino terminus (b1 and b2) and the third (the

last b strand) from the C-terminus.

Most aldehyde dehydrogenases function as ei-

ther dimers or tetramers. GPR from Saccharomyces

cerevisiae forms a dimer (PDB ID 1VLU), while the

enzyme from Thermotoga maritima (PDB ID 1O20)

forms a tetramer made up of a dimer of dimers in

which both the dimeric and the tetrameric contacts

are extensive.35 These two 3D structures superim-

pose with an RMSD of 1.8 Å over 214 residues (pre-

dicted by using 3D-Match by Softberry, Inc.) [Fig.

3(D) and Supporting Information Fig. S2].

A study conducted in yeast revealed that either

specific mutations or the disruption of GPR permit-

ted the growth of a glutathione auxotroph strain.

This was apparently achieved through the accumu-

lation of c-glutamyl phosphate which contributed to

the production of small amounts of glutathione, thus

linking the proline biosynthetic pathway with toler-

ance to oxidative stress.37

P5CS in plants
Intracellular proline accumulation is a widespread

metabolic response of plants to osmotic stress,5 and

P5CS is the key enzyme in this pathway. Several

efforts have been made in different species to engi-

neer a deregulated P5CS, with the aim of obtaining

plants that are able to grow in the desert or salty

land areas.5,10,38–41 Recently, the effects of cadmium

and zinc stress on the GK activity of plants have

been measured, revealing a potential regulatory role

of P5CS in heavy metal stress.42

Two different P5CSs, resulting from independ-

ent evolutionary duplication events, have been found

in many species.6 Interestingly, the duplicated

enzymes studied to date seem to perform nonredun-

dant functions and their genes present different

expression patterns.9,43–45 For instance, the isoform1

of P5CS in A. thaliana is induced by dehydration
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and high salt, while isoform2 is essential for embryo

and seedling development.8,46 Isoform1 is localized

mainly to the chloroplast whereas isoform2 displays

a cytoplasmic distribution. The knockout of the

P5CS isoform1 in A. thaliana causes a reduction of

stress-induced proline synthesis, hypersensitivity to

salt stress and an accumulation of reactive oxygen

species (ROS).8 Remarkably, this transgenic species

displayed decreased glutathione-S-transferase (GST)

and glutathione reductase (GR) activities, indicating

that the glutathione detoxifying pathway was subse-

quently affected by the absence of P5CS isoform1.

These observations suggest a link between glutathi-

one and proline metabolism in plants; recent studies

in tobacco cells have also demonstrated that proline

significantly restores the activities of GST and GR

under cadmium stress.47

While the primary precursor for proline biosyn-

thesis in some plants is glutamate, ornithine serves

this function in others. Nevertheless, under condi-

tions of osmotic stress, all plants predominantly use

glutamate as a substrate.38,48,49 In plants, proline is

useful not only during conditions of drought and

high salt osmotic stress, but also as a response to

environmental changes such as low temperature,50

nutritional deficits,51 heavy metals,52 UV radia-

tion,53 and bacterial pathogens.54 In some species,

proline also accumulates during normal development

in flowers,55 pollen,43 ovules,56 or fruits.57 Depend-

ing on the plant species, proline accumulation

results from different combined strategies that may

include any of the following changes: an increase of

the P5CS transcription level, and/or an increase of

P5CS activity, and/or the inhibition of proline degra-

dation which is reduced in plants under water

stress.9,39,40 In fact, high salt concentrations inhibit

the activity of proline dehydrogenase (PRODH).58 In

response to other situations, proline storage is pro-

duced by decreased pyrroline-5-carboxylate dehydro-

genase (P5CDH) activity.59 Paradoxically, an exter-

nal supply of proline has proved toxic for plants as it

causes cell death induced by P5C accumulation,

with an accompanying increase of ROS production.59

The P5CS from Vigna aconitifolia has been

characterized.7 This hexameric enzyme has a molec-

ular weight of 450 kDa, and is up-regulated by tran-

scriptional mechanisms under stress conditions. As

with E. coli GK,13 proline decreases the affinity of

Vigna P5CS for glutamate and acts as a competitive

inhibitor, whereas ADP shows a competitive inhibi-

tion of the GK activity of P5CS. However, sensitivity

to proline in this species is one order of magnitude

lower than the E. coli GK. In an attempt to identify

the proline inhibition site of Vigna P5CS, a small

region of six amino acids, that maps near the homol-

ogous residue (Asp107) of E. coli GK, was subjected

to alanine scanning mutagenesis.7 One of the

mutants, the F129A variant, exhibited a 200-fold

lower sensitivity to proline than the wild-type

enzyme while the other properties of the enzyme

remained unchanged.

One unusual example of P5CS evolution is

found in tomato, which has two genes for this mole-

cule. One of these, tomPRO1, encodes two polypep-

tides resembling the bacterial operon, whereas tom-

PRO2 encodes a protein similar to eukaryotic

P5CS.43 Studies of proline regulation have been per-

formed by random mutagenesis of tomPRO1 and

have revealed similar sensitivities to proline inhibi-

tion as bacterial GK (Ki
Pro�0.1 mM).17 The results

demonstrate that most of the residues which confer

sensitivity to proline were located in a small region

of 16 amino acids. Most of the tomPRO1 mutants

had lower specific activities and increased inhibition

constants (20-fold to 3500-fold).

When the reports of the different mutations

that alter the inhibitory features of the GKs and

P5CSs are analyzed, a prominent common region of

�40 amino acids can be delimited.17,29,33,60–63 In the

GK structure, the corresponding residues of this

region map to the loop that surrounds the glutamate

binding site and also to the dimer interface, showing

a direct connection between them [Fig. 3(A,B)]. As

kinetic assays with E. coli GK have reported,13 pro-

line and glutamate compete for binding while ATP

and proline bind independently, indicating that pro-

line binding induces a conformational change of the

AAK domain that could modulate the catalytic con-

version of glutamate or the inter-subunit signal

transmission.

Human P5CS

Among mammals, P5CS, located in the mitochon-

drial inner membrane, shares a protein sequence

identity of over 90%. As far as we are aware, two

P5CS isoforms generated by differential display

have been described in humans and mice,3 although

this exon sliding mechanism is believed to be wide-

spread in mammals. Mammalian P5CS activity was

measured for the first time in hamster ovary cells,64

but has also been characterized from rat intestinal

mucosa.16

Isoforms and regulation. The human P5CS

gene, known as ALDH18A1 (the member 18A1 of

the aldehyde dehydrogenase family), is located on

chromosome 10,65 spans about 50 kb and comprises

18 exons. The transcript has a length of 3462 bp,

encodes a protein of 795 amino acids, and has a mo-

lecular weight of 87.3 kDa. The 64 N-terminal resi-

dues present characteristic features of a mitochon-

drial targeting sequence with two potential cleavage

sites.3 The P5CS gene undergoes alternative splicing

to generate two isoforms which are differentially

expressed and differ only by the insertion/deletion of

two amino acids at the GK moiety.
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The expression of the short isoform, regulated

by ornithine, is prominent in the gut, where it

directs P5C towards arginine biosynthesis. The long

isoform, which is insensitive to ornithine, is ubiqui-

tously expressed and mediates proline biosynthesis.

The two amino acid insertion in the long isoform

abolishes the feedback inhibition of P5CS activity by

ornithine.3 In fact, when these two amino acids are

inserted into the E. coli GK, proline inhibition

diminishes by around 150-fold. Additionally, the

insertion interferes with glutamate binding, thus

confirming its key regulatory role (unpublished

results from our laboratory). This finding suggests

that the location of the catalytic site and structural

organization of the inhibitory mechanism of human

P5CS are similar to what has been described for bac-

terial GKs and plant P5CSs.

Arginine synthesis is active in the small intes-

tine, especially in early postnatal life when this

amino acid is essential for its critical role in ammo-

nia detoxification. For this reason, the short orni-

thine-sensitive P5CS isoform is more abundant in

the gut and displays an inhibition constant (�0.4

mM) in a range that is suitable to regulate the

enzyme.66 Interestingly, the activation of P5CS by

N-acetyl glutamate, as a means of regulating the in-

testinal synthesis of citruline and arginine, has been

reported in mitochondrial preparations of entero-

cytes of neonatal pigs.67

Conversely, proline biosynthesis is carried out in

peripheral tissues with high rates of protein synthe-

sis. In these tissues, proline synthesis is controlled

through the second enzyme of the route, pyrroline-5-

carboxylate reductase (P5CR), which is inhibited by

proline. This allows the differential regulation of

both pathways.3

The human P5CS gene is tightly regulated. Its

promoter has putative binding sites for p53 and

GRE (glucocorticoid response element), and there is

a putative binding site for p53 in the first intron.

Indeed, it has been demonstrated that P5CS is regu-

lated by growth hormones and p53.2 It has also been

shown that P5CS transcription in mouse brain tis-

sues is down-regulated by age, causing hearing

loss.68

Domain organization and 3D structure. The

human GK moiety has been modeled here using the

Swiss Model Workspace program.69 The program

selected the E. coli GK structure, which shares a

33% identity, as a suitable template [Fig. 3(C)]. The

resulting model showed the common architecture of

the amino acid kinase family, a main b sheet of eight

strands sandwiched by 3–4 a helices on each side.

Interestingly, although E. coli GK has no peripheral

sub-domain, a b3-b4 hairpin, similar to that found in

N-acetylglutamate kinase (NAGK) structure, was

depicted.19 NAGK is the paradigm of the AAK

family, and is closely related to GK. It catalyzes the

same reaction but uses acetylated glutamate as a

substrate. The hairpin, which is composed of exactly

the same secondary elements as in NAGK, is appa-

rently involved in glutamate binding. Its hypotheti-

cal function would entail opening/closing the binding

site to allow the substrate to enter, as predicted in

NAGK19 [Fig. 3(C,E)].

In addition, a crystal structure corresponding to

the human GPR moiety has been solved (PDB ID

2H5G). It shares the common architecture of the

other solved GPRs, with three independent domains

and a hinge region between domains II and III [Fig.

3(D,F)]. Based on structure and sequence compari-

sons, the catalytic cysteine can be identified as

Cys612. As with other mammalian enzymes, human

GPR moiety contains an extra tail of around 20–35

amino acids which surrounds the oligomerization do-

main [Fig. 3(F)]. The crystal structure reveals that

the human GPR moiety is organized as a dimer with

the oligomerization domain from one subunit inter-

acting with the extended region of the hinge

between domains II and III of the other monomer.

As a result, the oligomerization domains are on one

side, and domains I and II from both monomers are

located on the other side.

A model for the interaction between bacterial

GK and GPR, which could also fit the hypothetical

arrangement of human P5CS, has been proposed.20

In this model, the molecular face where the active

site of GK moiety is located would interact with the

catalytic domain of the GPR moiety, and the interac-

tion with the other monomer would be accomplished

through the oligomerization domain of the GPR moi-

ety [Supporting Information Fig. S3(A,C)].

Mutations in P5CS and clinical

implications. Mutations in human P5CS produce

a rare disease (OMIM #612652), characterized by

hypoprolinemia and a temporary deficit of urea cycle

intermediates, with symptoms that range from joint

laxity and skin hyperelasticity to bilateral cataracts,

progressive neurodegeneration and peripheral neu-

ropathy.1,70,71 As an amino acid which has no pri-

mary amino group,72 proline is implicated in special

physiological functions. It is excluded from both the

decarboxylation and transamination reactions of

amino acid metabolism, and instead acts as chaper-

one, thereby diminishing protein aggregation. Addi-

tionally, proline serves as an antioxidant, fighting

ROS and preserving the intracellular glutathione

pool, which is the major redox buffer of the cell.73

Hence, some of the symptoms associated with muta-

tions of human P5CS can be explained by the lack of

proline. For example, proline is essential for the syn-

thesis of brain polypeptides with neuroprotective

and neuromodulator effects68,74 which could account

for the neurological disorders observed in humans
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with P5CS deficiency. Low levels of proline also

impair collagen synthesis, causing hyperelasticity.

Additionally, proline deficiency could affect the levels

of P5C and the redox state of the lens, leading to

cataracts.70

The first pathogenic mutation described for

P5CS was the missense mutation R84Q observed in

two brothers from a consanguineous couple.70 The

clinical features, that included hyperelastic skin,

hypotonia, chronic vomiting, cataracts, mental retar-

dation, hypoprolinemia, mild hyperammonaemia

and complete loss of the ability to walk, correlated

with a severe reduction of P5CS enzymatic activity

associated with the two isoforms. Moreover, R84Q

appeared to destabilize the long isoform1,70 which is

ubiquitously expressed for proline biosynthesis. The

alignment with other enzymes shows that R84 is

highly conserved in the homologous enzymes from

mammals. In E. coli, this residue is not conserved

(Gly18 is the corresponding residue), but belongs to

the b1-aA junction that is located centrally at the

site of phosphoryl group transfer. Consequently, in

addition to causing structural instability, the R84Q

mutation could directly affect ATP binding or/and

catalysis, which would also account for the patho-

physiological manifestations in these patients [Fig.

3(E)].

A second missense mutation, H784Y, was identi-

fied in a New Zealand family with symptoms of a

neurocutaneous syndrome, including joint disloca-

tions, lax skin and mental retardation.71 H784 is

conserved among the eukaryotic proteins except for

V. aconitifolia which has a shorter oligomerization

domain. However, a biochemical analysis of metabo-

lites in these patients revealed that the H784Y sub-

stitution did not impair proline biosynthesis, sug-

gesting that this might be a milder mutation than

R84Q, producing only a partial loss of enzymatic

function or that the tissue pathology may occur from

the disruption of an unknown function of P5CS.

These effects agree to some extent with the 3D

structure of the GPR moiety of the human P5CS

since the mutation would be located in the last b
strand of the oligomerization domain, and would not

involve any catalytic function of the enzyme, but

would rather alter its quaternary structure [Fig.

3(F)]. The pathological effects of this H784Y muta-

tion could be mediated by reduced cellular pools of

P5C that would diminish the ultimate quantity of

proline synthesized, hampering additional functions

of proline as modulator of redox-dependent meta-

bolic and carcinogenic pathways.73,75

A similar disease known as cutis laxa is pro-

duced by mutations in the second enzyme of the pro-

line biosynthetic pathway, pyrroline-5-carboxylate

reductase (P5CR),76,77 which converts P5C to proline

[Fig. 1]. Patients with cutis laxa also have slightly

low but within a normal range of proline levels, and

are characterized by the appearance of premature

aging, wrinkled and lax skin, joint laxity and mental

retardation.76,77 Skin fibroblasts from these patients,

which have lower levels of P5CR, display increased

sensitivity to oxidative stress and a marked increase

in apoptosis, consistent with previous results demon-

strating that proline protects against oxidative

stress-induced cell death and apoptosis in mamma-

lian cell cultures.73

Recently, a functional genomic study was con-

ducted to analyze the human genes encoding proline

metabolic enzymes.4 Nine single nucleotide polymor-

phisms of P5CS were identified in two cancer cell

lines. They comprise two frameshifts, one nonsense

and six missense mutations. In addition to R84,

polymorphisms in amino acids S266 and T299 were

found in the GK moiety. They map near the ATP

binding site, thereby confirming its putative clinical

importance [Fig. 3(E)]. Interestingly, the E. coli GK

contains a residue homologous to S266, which forms

a donor hydrogen bond with the b-phosphate from

the ATP. Mutations of this residue, Thr169, altered

significantly the kinetic parameters for ATP, indicat-

ing an important role of the hydroxyl group in ATP

binding and catalysis.13 The Q365, S372, and V594

polymorphisms have been reported in the GPR moi-

ety. The first two are contained within the cofactor

binding domain, while the last one was located in

the catalytic domain [Fig. 3(F)].

Future Challenges

Although our knowledge of P5CS has been enhanced

during recent years, several important challenges

remain. The enzyme is broadly distributed in eukar-

yotes. As a key metabolic enzyme, it is inhibited by

a feedback mechanism and two isoforms frequently

exist in the same organism to allow precise regula-

tion of proline metabolism. However, despite the

increased information about the structure and func-

tion of P5CS, we are far from understanding the bio-

logical role of these two isoforms. An activator of the

enzyme, N-acetyl glutamate, has even been

described in neonatal pig mitochondrial preparations

but its universality requires further investigation.67

Proline accumulation, due mainly to an increase

in the activity of GK and P5CS, has been reported

as an osmoprotective mechanism. However, this

mechanism it is still not fully understood. The Ki for

proline of the bacterial GKs (and the tomPRO1) is

lower than 0.2 mM, while the Ki for most plant

P5CSs is over 1 mM. This differential sensitivity to

proline as an inhibitor is the reason why bacteria

cannot accumulate large amounts of proline. Con-

versely, however, several plants belonging to the Sol-

anaceae family can accumulate more than 100 mM

proline in the cytosol under osmotic stress.38,78

It is somewhat puzzling that plants under stress

produce proline in concentrations well above what is
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needed to inhibit P5CS, yet they preferentially use

the glutamate pathway instead of the ornithine

pathway, which is not regulated. Several hypotheses

can be formulated to explain this paradox. One

potential explanation is that the cytosolic concentra-

tions of the different solutes under stress conditions

could modify the enzyme kinetics. For instance, it

has been reported that when the concentration of

glutamate increases in E. coli GK, the sensitivity to

proline is diminished.13 Consistent with this, the

halophilic bacterium H. halophilus first produces

glutamate under conditions of increasing salt to

reach a maximal internal concentration of 2 M,

which activates the transcription of the proline-pro-

ducing genes and then it produces proline.28

The exhaustive study of the different duplicated

plant P5CSs may also be used to gain insight into

the stress response question. One possibility is that

the enzyme overexpressed under osmotic stress is

not regulated by proline. Among the prokaryotes,

B. subtilis has two different GKs, one of which is

sensitive to proline and constitutive, while the other

(ProJ) is stress-inducible and homologous to that

found in H. halophilus. It has been speculated that

ProJ is insensitive to proline,79 which represents an

interesting issue to investigate.

As discussed earlier, proline and glutamate com-

pete for binding to the GKs and P5CSs which have

been characterized, suggesting that the inhibition

mechanism could be conserved, with the binding

sites for these ligands partially overlapping. How-

ever, the numerous mutations which have been dem-

onstrated to effect proline inhibition suggest that

proline binding may also influence the hydrogen

bond network connecting the active centers from

monomers.20 Hence, the identification of the exact

location of this binding site will require the crystal

resolution of the protein in the presence of the

inhibitor.

The crystallographic study has revealed the

same protein fold for the GK moiety within the AAK

family and the same protein fold for the GPR moiety

within the aldehyde dehydrogenase family. The exis-

tence of a fully active synthetic polypeptide gener-

ated by the fusion of the two prokaryotic proteins

from B. subtilis30 implies that the eukaryotic struc-

ture could be the result of the two protein folds, one

next to the other. To further this notion, we hypothe-

size that the monomers of human P5CS interact to

form the quaternary structure, not only through

their oligomerization domains from the GPR moiety,

but also through their GK dimer interfaces as seen

in other 3D structures since this region seems to

play a critical role in regulation [Supporting Infor-

mation Fig. S3(D)].

The resolution of the crystal structure for P5CS

would greatly facilitate our understanding of this

enzyme and its regulation. Although the second

moiety of the human enzyme has already been

solved by crystallography and the first moiety has

been modeled, various unknown factors remain to be

elucidated including the spatial arrangement of both

moieties, the channeling of c-glutamyl phosphate

from one active center to another, the signal trans-

mission between monomers, the oligomerization

state, and most importantly, how proline/ornithine

binds to the GKs and P5CSs. These parameters rep-

resent a bottleneck for understanding the biological

significance of P5CS regulation. Strategies to

address these important biological questions are cur-

rently being developed in our laboratory.
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